Abstract. The use of LEDs for illumination and simultaneous communication becomes more and more interesting and it goes hand in hand with the increasing deployment of LEDs to peoples homes and industrial buildings. Modulation of this kind of light sources is difficult because of high voltage and of current demands. Since the LED configurations and the values of current and voltage are different, the universal modulator suggested by the research team of the Department of Telecommunications should be able to operate even under various circumstances. The objective of this paper is to present a design of a simple and universal current modulator for LED lighting modulation for the frequencies of around 1 MHz. The modulator should allow the initial testing of different types of High Power LEDs and different photodetector configurations and circuits in diffusively based Free-Space-Optical networks. Also, in the experimental part, the results obtained in the testing were compared with some different types of LED light sources.
Introduction
LED diodes have been a significant part of everyday life for many years. Thanks to the falling prices and the exceptional lifetime of LEDs as well as to their increasing optical power it can be expected that in a few years they will replace fluorescent and incandescent light bulbs.
Although the idea of contemporary lighting and communication is not new [1] , utilization of LEDs is still mostly of the experimental nature. Anyway, the future development of this technology is very promising especially due to their coverage parameters. Although the idea of contemporary lighting and communication isn't new [1] , deployment is still mostly experimental nature. But future development of this technology is still very promising, especially for its coverage parameters. Compared with the radio networks, there is virtually no interference between the two systems since light cannot penetrate walls and opaque obstacles. There is also a possibility of precise defining of the covered area as well as of using more identical systems in one area even without them being divided by any walls and obstacles [2] , [3] .
For this type of a Free-Space-Optical (FSO) network or, at present, for a more frequently used the term a Visible Light Communication (VLC) system, the covered area will be considered as a diffusive network. That means that the covered area is evenly flooded with high optical power and the signal can also be detected after its reflection from walls and other obstacles. Thanks to this phenomenon, communication is possible even behind the Line-Of-Sight (LOS). And, of course, the speed limitations have to be considered with regard to their multipath signal propagation, which causes expansion of the transmitted pulses and, as for higher frequencies, even their multiplication. As a result, the photodetector will receive the same data several times in succession [4] . To limit this phenomenon, either the reflections have to be avoided, or some suitable modulation has to be used [5] .
The main point is that indoor LED lighting needs much more energy than the point-to-point communication. Lights usually consist of larger blocks with higher voltage for lower demands on operational cur-rent. In the end, there has to be some compromise made between the voltage and current suitable for the lighting applications. However, a new modulator with high power dissipation, high current capability and high output voltage has to be built at this stage. And due to higher parasitic capacity of these lights and their slower responses there is a loss of a valuable part of the modulation speed. At least, the response time of LEDs should not be a significant problem in the expected frequency range of around 1 MHz. The modulation fre- quency for white LEDs shown in Fig. 1 is limited to approximately 3 MHz due to the luminophore response. But this limit can be easily circumvented by using either the RGB LEDs (Fig. 2) instead of white LEDs, or a blue colour filter. This solution eliminates the long response component of luminophore and it theoretically increases the frequency response to 20 MHz [6] . Another speed limitation is connected to the light propagation and photo detection. Light from LEDs disperses conically and the photodetected power can be calculated at any cross section as [2] :
where SA R is the surface area of receiver, SA T is the surface area of transmitter, θ is the divergence angle and R is the range in meters [2] . It means that the optical power will drops to a quarter every time the distance between transmitter and receiver is doubled. It can be seen in Fig. 3 what a big difference there is between the received optical powers for the distances from 0.1 to 1 meter. The received power determines the required sensitivity of the photodetector. Higher sensitivity negatively affects the receiver speed [7] . The bandwidth of the photodetector has a high frequency cut-off given by:
where C is the parasitic capacitance of the photodetector and sensitivity is controlled by the value of the resistor R. The equivalent photodetector circuit is shown in Fig. 4 . Added to the signal, two noise contributions can also be found. The first one is the quantum noise associated with the discrete nature of the total current (the sum of the signal current and the dark current) and its value is given by:
where I ph is the photodetected (signal) current, I d is the dark current and B is the bandwidth.
The other one is the Johnson noise (or thermal noise) of resistance R:
where k is the Boltzmann constant, T is the absolute temperature, B is the bandwidth and R is the value of the used load resistor.
With the background noise and all the abovementioned assumptions the target frequencies are around 1 MHz, probably under or very close to the limit, and the usable bit rate is determined by the modulation used. Many modulation schemes have been tested under the Visible Light Communication (VLC) conditions so far. In addition to the basic OOK, the PWM (Pulse Width Modulation) [8] or the PPM (Pulse Position Modulation) [9] , [10] can be mentioned as well. The main advantage of these modulations is the possibility of dimming the lights without any limitation of the transmitted power.
In the initial experiments worldwide the bitrates start at approximately 111 kbit·s −1 with the range of up to 1.5 meters [11] . On the other hand, in the laboratory conditions and with the appropriate modulation the commercial LEDs can reach the values of around 100 Mbit·s −1 [6] , [12] . The increased interest in this type of communication has led to the introduction of the IEEE Standard for Local and Metropolitan Area Networks 802.15.7: Short-Range Wireless Optical Communication Using Visible Light [13] , [15] .
Requirements for the Modulator
Observability of communication is extremely important in contrast to the IR spectrum solutions. A person moving around in a room should not notice the difference between the normal and modulated lights. Due to the fact that communication is performed in the visible part of the spectrum, some special requirements have to be fulfilled. These requirements include the modulation scheme and the coding used for the data transmissions as well.
Modulation and Coding
The main requirement for the modulator is to keep a stable mean value of the transmitted signal. In that case no power fluctuations will occur during the communication. For the simple On-Off-Keying modulation (OOK), the light is turned ON for logical 1 and OFF for logical 0. It means that the logical levels at the input are simply transferred to the light intensity at the output. Thus, the long sequence of zeros causes the lights to go out. That is why it is necessary to use a specific coding scheme with the OOK modulation in order to keep the mean value of the signal stable. 
Stability
Both the LEDs and the modulator have the tendency to change their parameters with the rising temperature and the frequency. The temperature problem is solved in the construction itself since the current source keeping the current values stable is used. But the frequency stability is much more complicated. The current gain of the transistors decreases with the increasing frequency. Thus, the integrated compensation is difficult to achieve, especially for different lights at the modulator output. As for the coding schemes shown in Fig. 5 , the bounded range of frequencies is used. Then the modulator has to keep the light intensity stable for at least the used frequency range.
Energy Efficiency
In the above-mentioned application the power consumption of the used LEDs is higher. It is therefore necessary to minimize the system power consumption because the main advantage of the LEDs in terms of the energy consumption needs to be kept. The power dis-sipation of the modulator will also be associated with the required size of a cooler.
Construction
The block diagram of the proposed modulator is shown in the Fig. 6 . The proposed modulator is described in the following part of the paper in accordance with the abovementioned requirements and the block diagram.
Power Source
The energy is supplied by a single common power supply powering the LED and the modulator simultaneously. Thus, the whole modulator can be easily hidden inside any light without the need of any additional power source while maintaining the sufficiently high voltage level.
To ensure the stable output power, the LEDs are powered by an adjustable current source. The connection is extended by a capacitor keeping the current source under the load. This solution also conserves the useless energy when the light is OFF, and it releases it when the light is ON. It means that the light intensity is maintained despite the significant reduction of the LEDs activity time without increasing the current of the power source. This feature is also useful in the event of the input signal failure as the connected light cannot be overloaded with high current. However, this advantage may disappear if the LEDs lights have large additional internal resistors.
Control Circuit
The input circuit is adapted to the TTL logic to ensure stable reference for all performed measurements. And it can be easily replaced by a circuit with different parameters.
A key part of the modulator is a pair of bipolar transistors of high frequency and of high current capability. It is especially T2 that is very important and its type C2078 was chosen after several experiments. The operation points of both transistors are adjustable for maximum adaptability in the frequency and the current spectrum. This feature allows keeping both transistors right on the saturation limit. Otherwise, the transistors cannot open enough and due to this voltage drop limits the current flow.
Conversely, with too high saturation, the transistors are not able to close on time and the LEDs remain constantly lit. It is important for high frequencies to keep the switching times as short as possible, so the bases of both transistors are connected to the ground via resistors. The residual energy in the parasitic capacitances is immediately drained into the ground and the transistors can respond much faster.
The last part of the control circuit description deals with the LEDs parasitic capacity compensation. If the leading edge of the signal is too steep, some backswings in the transmitted signal can be experienced. It is caused by LEDs capacity and it can lead to significant signal degradation. Hence, the compensation capacitor is placed between the collector and the emitter of the T2 transistor. This capacitor effectively reduces the signal backswings, but, on the other hand, it, unfortunately, also limits the maximum operating frequency.
Measurement
The measurements were carried out on various types of LEDs used for illumination and on various ranges of frequencies. The first LED light was composed of a huge number of white SMD LEDs (shown in Fig. 1 ). Second light source was an RGB LED strip (Fig. 2) . Thanks to the separation into different wavelengths, communication is possible on multiple wavelengths simultaneously. Then, the required communication wavelength can be easily chosen by an appropriate optical filter on the receiver side.
However, connection of the RGB LED strips was complemented by the series resistors of different values for the 12 V power source compensation. But these resistors are useful for the voltage control only. The last two lights are mainly designed for exterior lighting. The first outdoor fixture represents the streetlight with the total power of over 60 W. The other outdoor light is the 20 W LED replacement of a halogen reflector. Both lights are shown in Fig. 7 . A closer look to the outdoor light sources (Fig. 8) shows the construction of the streetlight and of the 20 W LED chip. Due to the limited voltage range of the current source there was only one LED block used for the measurement of the streetlight. 
Capacitive Load Compensation
Fig . 9 shows the oscilloscope view screen for the T2 Collector-Emitter voltage (lower part) and the Photodetector output voltage (upper part) of the LED strip for the input frequency of 220 kHz without a compensation capacitor.
When the transistor is turned on, the voltage between the collector and the emitter (U CE ) drops nearly to zero and the LEDs begin to emit light and illuminate the surface of the photodetector (THORLABS PDA100A-EC). In the opposite case, when the transistor is turned off, voltage U CE rises and stops the current flow. If this case is looked at more precisely (Fig. 10) , a large distortion in the waveform can be seen. At this moment both the delayed turn-off time with the distortion of the light intensity as well as the U CE waveform can be seen. This distortion is problematic at higher frequencies because it causes some visible changes in the light intensity. The compensation for communication via the visible spectrum is necessary even at the cost of longer response times between switching off and on. In Fig. 11 there is a waveform with 3 nF compensation capacitor. . 11 shows the LED light mentioned in Fig. 1 (without serial resistances in its connection). It can be noticed that the distortions were much higher than in Fig. 9 . In this case the distortion of the transmitted signal is too high to ensure its clear detection. In the worst case the detected signal could be fragmented into several parts.
Frequency Response
Two parameters, the received signal amplitude at the photodetector output and the light intensity of the emitted light, were monitored during the frequency response measurement. The used photodetector has the bandwidth limitation at 2.4 MHz. Thus, the signal amplitude above this frequency is used for the detection of the optical signal presence in the emitted light only. Fig. 13 shows the results of LED light on the operating frequencies from 100 kHz to 3 MHz. In this case, light intensity is stable at frequencies of up to 1 MHz. Then the light intensity starts to fade slowly. This is caused by the decreasing gain of the modulator. The communication signal is detectable even at frequencies of around 3 MHz. With regard to the fact that the operating point is adjustable, the light intensity can even be kept in higher frequencies. This case is shown in Fig. 14 tinue without the light fading even at frequencies of up to 2.8 MHz. However, this high frequency setting does not work at lower frequencies due to the higher saturation and the longer response times. Thus, for the practical use the working frequencies have to be considered and the operating point of the modulator has to be set. For the Differential Manchester, only a small part of the measured frequency spectrum is then needed. The above-mentioned lights were constructed from small LEDs. But at present much more powerful LEDs in streetlight have to be taken into account. As we can see in Fig. 15 the values are much more uneven in comparison with the low power LEDs (Fig. 13 and Fig. 14) . To maintain the stable light intensity is much more difficult event with manual adjusting of the operating point. On the other hand, during the test the communication part of the signal worked even under these adverse circumstances at frequencies of around 2 MHz. Due to the loss of the light intensity and the distortion of the output signal the system limit at frequencies of around 1 MHz can be considered.
The results for the halogen lamp replacement with a 20 W LED chip are in Fig. 16 . The light intensity for frequencies of up to 1.6 MHz is much more uniform compared to the streetlight. The significant increase in the light intensity at 2 MHz was very problematic to compensate and it could even be observable with the naked eye during the measurement. The usable communication frequencies are therefore limited to 1.6 MHz. 
Conclusion
With respect to the measured values it can be confirmed that the applicable frequency decreases simultaneously with the increasing surface area of the used LEDs. The uniformity of the light intensity is also much better for smaller LEDs solutions.
Despite the communication functionality of the power LEDs at higher frequencies, the fluctuations of the light intensity can sometimes be observable and they therefore limit the usable frequency range. According to IEEE 802.15.7, the defined frequency for PHY1 [13] , [15] , (high power applications with OOK) is only 200 kHz, which is far below the achieved values.
The frequency limit for this modulator solution is 3 MHz, which is within the intended range. The main objectives of the construction were its low cost as well as its powering by a single power source. To properly evaluate this phenomenon as a whole, the parameters of the used LED lights as well as of the used photodetector have to be taken into account. The main limitation of this modulator is its output voltage, which is limited to 40 V, and it therefore does not allow connecting all the 3 blocks of the used streetlight.
If we take a look at some high-power LEDs datasheets, their rise-time and fall-time values can sometimes be seen. The normal values are around 100 nanoseconds and thus the current modulator is not limited by the LEDs response times.
The main problem with the mobile Free-SpaceOptical communication is caused by the used photodetector. Because of the necessary sensitivity the photodetector bandwidth is limited. This phenomenon could also be observed during the measurement when the values measured by the photodetector declined despite the obvious presence of the output signal. 
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